The aim of this study was to generate maps of intense rainfall equation parameters using interpolated maximum intense rainfall data. The study area comprised Espírito Santo State, Brazil. A total of 59 intense rainfall equations were used to interpolate maximum intense rainfall, with a 1 x 1 km spatial resolution. Maximum intense rainfall was interpolated considering recurrence of 2; 5; 10; 20; 50 and 100 years, and duration of 10; 20; 30; 40; 50; 60; 120; 240; 360; 420; 660; 720; 900; 1,140; 1,380 and 1,440 minutes, resulting in 96 maps of maximum intense rainfall. The used interpolators were inverse distance weighting and ordinary kriging, for which significance level (p-value) and coefficient of determination (R 2 ) were evaluated for the crossvalidation data, choosing the method that presented better R 2 to generate maps. Finally, maps of maximum intense precipitation were used to estimate, cell by cell, the intense rainfall equation parameters. In comparison with literature data, the mean percentage error of estimated intense rainfall equations was 13.8%. Maps of spatialized parameters, obtained in this study, are of simple use; once they are georeferenced, they may be imported into any geographic information system to be used for a specific area of interest.
INTRODUCTION
An intense rainfall is defined as a large volume of water precipitated in a short time, with both spatial and temporal irregular distribution (ARAÚJO et al., 2008) . Its quantification is of great interest, as it may cause several adverse effects, such as destruction of dams and bridges, soil erosion, increase of river and lake siltation, flood of urban and rural areas, and fall of barriers (PRUSKI et al., 2006; OLIVEIRA et al., 2008) .
For hydraulic dimensioning of engineering works for protection against these adverse effects, such as rainwater galleries, draining channels, dams, spillways, and agricultural terrace systems, hydrologic models are used to estimate runoff volume and/or flow, for which the specific work will have to operate without damage. Such models usually consider, for the rainfall variable, intensity, duration, and frequency. These rainfall characteristics may be related to each other via intense rainfall equations; the most used one is as follows: where, i m -rainfall mean maximum intensity, in mm/h; T -recurrence period, in years; t -rainfall duration, in minutes, and K, a, b, c -parameters related to the area of interest.
An intense rainfall equation is only valid for the area where it was established, and for those t and T value ranges used for its determination. If there is no available equation for a specific area, the established one for the closest location may be used provided it has similar climatic conditions (DAMÉ et al., 2008) . Also, parameters determined for locations close to the area of interest may be interpolated (MELLO et al., 2003; PRUSKI et al., 2006; CECÍLIO et al., 2009 ). For such interpolations, MELLO et al. (2003) , who used the ordinary kriging and inverse distance squared methods, verified that ordinary kriging leaded to the best results; however, errors found for some locations were superior to 30% for some rainfall duration and recurrence periods. On the other hand, CECÍLIO & PRUSKI (2003) interpolated i m equation parameters by the inverse distance weighting method, with different powers, in Minas Gerais State, Brazil, and obtained a minimum mean error of 18.7% for rainfall duration of 60 minutes and recurrence period of 10 years; for other conditions of T and t, the mean error was not established.
Nevertheless, results obtained using spatial interpolation procedures have not been, in general, consistent; that is, they have not provided good rainfall intensity estimates. CECÍLIO et al. (2009) and SENNA et al. (2010) , when evaluating i m estimate quality in Espírito Santo State, Brazil, for several conditions of t and T, from parameters interpolated by the inverse distance method, verified that errors may be unacceptable for certain t and T values, suggesting that other methods should be evaluated. MELLO et al. (2008) , when analyzing the spatial continuity of intense rainfall in Minas Gerais, propose other approach to the problem and, instead of interpolating equation parameters, interpolated rainfall intensity for different duration and recurrence periods. The same result was found by SANTOS et al. (2009) .
Thus, a new spatialization methodology for K, a, b, and c parameters of intense rainfall equations is necessary. Since the spatial interpolation of rainfall intensity values seems to be more indicated (MELLO et al., 2008; SANTOS et al., 2009 ), this study considers that i m maps with different t and T may be used for constructing spatial representation maps of intense rainfall equation parameters.
The main objective of this study was to propose a spatialization methodology for intense rainfall equation parameters. The specific objectives are: to evaluate the spatial distribution and density of stations with existing intense rainfall equations; to evaluate inverse distance interpolators and ordinary kriging for spatialization of intense rainfall maximum intensities, with different duration and recurrence periods; and to generate a product of simple use.
MATERIAL AND METHODS
The study area comprised Espírito Santo State, located approximately between 17º53' and 21º19' S, and 39º38' and 41º54' W. A total of 59 locations, with intense rainfall equations, were considered and, from those, 20 are in the state (Figure 1 ). Equations related to locations outside the state were used as estimate edges in the state west, north, and south regions, as well as to increase sample number. These were collected in the literature (SILVA et al., 1999; FREITAS et al., 2001) , which references, names, locations, and parameters are indicated in Table 1 for Espírito Santo State. Aiming at a brief evaluation of station distribution in the study area, an estimate of station density was generated by the Kernel method (MARTINEZ & MARTINEZ, 2008) :
where,
-density estimate in the geographic position s; h -estimate band size, and d i -distance between s and the location of the observed events (s i ).
Interpolation of intense rainfall maximum intensities (i m ), calculated by Equation 1 for each location, was performed for rainfall recurrence periods (T) of 2; 5; 10; 20; 50 and 100 years, and durations (t) of 10; 20; 30; 40; 50; 60; 120; 240; 360; 420; 660; 720; 900; 1,140; 1,380 and 1,440 minutes. Numbers of T and t resulted in 96 possible combinations of intense rainfall (six recurrence periods x 16 durations). The interpolated values of intense rainfall maximum intensities are called i m_int .
For each of the 96 combinations, spatialization was evaluated testing the methods of ordinary kriging, and inverse distance weighting with different powers (SMITH et al., 2007) . For kriging, the following theoretical models were used for semivariance: spherical, Gaussian, exponential, and linear. Since this is an initial study, anisotropy in the data spatial variation was not considered (WEBSTER & OLIVER, 2007) . For the inverse distance weighting methodology, power values of 1; 2; 3; 4 and 5 were evaluated, and the number of nearest neighbors to be used in the interpolation ranged from 1 to 30. Interpolation and statistical evaluation were performed by a set of modules written in MATLAB R2010 (MATHWORKS, 2010; XAVIER et al., 2010) .
For each T and t combination, rainfall intensity was calculated and respective data, interpolated, generating the cross-validation statistics (estimated value versus calculated value) and considering the methods of kriging and inverse distance weighting with different powers. The best method was chosen by evaluating the significance level (p<0.05) and determination coefficient (R 2 ) of the cross-validation data (i m versus i m_int ) from the used stations. When there was no spatial correlation, the rainfall intensity mean was adopted as the best cell estimate.
After selection of the best interpolators for 96 i m value sets, these were interpolated in a matrix grid with 1 x 1 km cells. Interpolated data were then adjusted to the intense rainfall equation (Equation 1), and new parameters K, a, b, and c, corresponding to each matrix grid pixel, were estimated. There is now a new intense rainfall equation generated from i m_int data, which was compared with the original one (i m_orig ) by calculating the relative error for pairs of the considered T and t values (
From these data, it was possible to create an isoline map for a more appropriate error evaluation regarding its magnitude and possible dependences related to T and t.
RESULTS AND DISCUSSION
The station density, used in this study, is presented in Figure 2 . The used band size (h) of Kernel estimator was 0.9º, what results in a determined station number for each 10 4 km 2 . Thus, station density in the area is low, with higher concentration in the northeastern region that varies from six to eight stations each 10 4 km 2 ; the southwest presents an inferior number, from two to four stations each 10 4 km 2 ; finally, the lowest number, below two stations each 10 4 km 2 , was found in the coastal region due to high data amount under the ocean and, also, in mainland. Since the number of stations with intense rainfall equations is low, the need for other methods of equation estimate is highlighted, as performed in this study. FIGURE 2. Density of locations with intense rainfall equations.
Combinations of T and t, that presented significant relationships in the evaluation of crossvalidation data, are shown in Table 2 . From 96 analyzed combinations of intense rainfall maximum intensity, 59 were significant (p<0.05), i.e., presented spatial correlation according to the methods used in this study. The highest R 2 value among the interpolated and calculated data for maximum rainfall intensity was 0.22 (T = 2 years with t = 420; 660 and 720 min); these interpolations were performed by the inverse distance method, with power value of 2 and number of nearest neighbors of 8 and 9. On the other hand, the lowest R 2 was 0.07 (T = 100 years, and t = 60 min), which interpolation was carried out by ordinary kriging with the Gaussian semivariance model. From those 59 significant relationships, the inverse distance method was better in 49 of them: 34 with power value of 1; 14 with power value of 2; and only one with power value of 3.
Ordinary kriging was the method that presented the best result of intense rainfall intensity estimate, with 10 t and T combinations. The better adjusted models to the experimental semivariance were the Gaussian and exponential ones, both with five events. Model range values were 0.5 o similar (∼ 50 km), that is, intense rainfall in a specific location of the study area is only related to the intense rainfall that occurs in up to 50 km around it. For the other non-significant 35 combinations, i m mean values were considered as the best estimate. From the interpolated data, the intense rainfall equation was adjusted to the same locations where the state stations are situated. To illustrate the comparison between the generated equation from the interpolated i m values and that created from pluviograph data (available in the literature), equations from Alegre Station were considered (Figure 3) . The result of the intense rainfall interpolation for 96 combinations of T and t, for Alegre, is presented in Figure 3a , as well as the graph of the intense rainfall function equation adjusted to these data. It is noted that, in the Alegre data interpolation, the original intense rainfall equation is removed from the database. Once more, from 96 interpolated values shown in the figure, 59 were estimated by the methods presented in Table 2 , and the others from the intense rainfall mean of the used 58 equations. Data adjustment to intense rainfall is very good, presenting a regression mean error of 4.2 mm h -1 . The graphic result from the Equation generated by SILVA et al. (1999) for that county, using pluviograph data, is presented in Figure 3b . Finally, Figure 3c shows the relative error (E) between the equation from this study and that obtained by SILVA et al. (1999) . For Alegre, the mean percentage error (MPE) was 7.6%, with greater underestimate. The greatest underestimate, of around -15%, occurred for the highest T and t values, while overestimates of around 10% occurred for T and t lower than, respectively, 10 years and 200 min. The same analysis was performed for the other stations, and general results are presented in Table 3 . There was no relationship of a standard behavior and E with T and t, i.e., it is not possible to affirm that for higher T or t values, E either increases or decreases. Thus, the proposed methodology shows no bias. The E varied from 3.6% minimum to 33.9% maximum, for Santa Cruz do Caparaó and Alto Rio Novo stations, respectively. The MPE for 20 stations in Espírito Santo was 13.8%. In comparison with other studies, which presented K, a, b, and c interpolation for later i m calculation, we observed that the MPE calculated for this study is systematically lower than those calculated by CECÍLIO et al. (2009) (ranging, approximately , from 15 to 45%), who used the inverse distance method, with five different power values, for the same region. It is clear, therefore, that there is an effective reduction in the estimate error of the intense rainfall intensities when the methodology proposed by this study is applied. For comparison, yet, the MPE found in this study was also lower than the 19% described by CECÍLIO & PRUSKI (2003) , who evaluated only one value of rainfall recurrence and duration for intense rainfall in Minas Gerais State. It was also fairly close, although lower than the 14 and 16% found by MELLO et al. (2003) , who used the kriging and inverse distance squared methods, respectively for each percentage, in São Paulo State, Brazil. Parameter spatializations of the intense rainfall equations for Espírito Santo, which were estimated from interpolated data of maximum intensities, are presented in Figure 4 . A total of 48,667 intense rainfall equations were adjusted, corresponding to the number of pixels that cover the state in the adopted resolution. We observed that parameter values present similar magnitudes to those found in the literature for the same region. The regression mean error map, shown in Figure  4e , indicates a minor adjustment error of the rainfall intensity models to the interpolated data, with lower values than 3 mm/h, what indicates a good adjustment.
Considering all the results, it is possible to infer that i m estimates, via intense rainfall equations and map parameters shown in Figure 4 , will be better than those obtained by the currently used procedure (spatial interpolation of K, a, b, and c for close locations). This is due to the previous adjustment of equation parameters to the rainfall intensities of each location. Studies in the literature showed that, in several situations (T and t values), there is an i m estimate deficiency when it is calculated by interpolation of intense rainfall equation parameters (MELLO et al., 2003; CECÍLIO et al., 2009) . MELLO et al. (2008) described the interpolation importance for rainfall intensity spatialization, instead of intense rainfall equation parameters, for the achievement of better results of rainfall intensity spatial estimates. However, many applications of hydrologic modeling require knowledge of intense rainfall equation parameters, such as estimates of slope runoff (SOUZA, 2010) and water basins (ZANETTI et al., 2009) , and hydrologic dimensioning of unpaved roads (GRIEBELER et al., 2005) , soil conservation systems (PRUSKI, 2009), or structures for flood control (TRAVIS & MAYS, 2008) . Therefore, results obtained in this study are of great importance for many applications in the field of Agricultural and Environmental Sciences. The spatialization of intense rainfall equation parameters for Espírito Santo, which are georeferenced, enables construction of rainfall intensity maps for certain recurrence and duration periods simply by the intense rainfall equation application; this is easily performed by GIS calculators, such as IDRISI (EASTMAN, 2009), or GIS own programming language, such as Spring (CÂMARA et al., 1996) . Thus, the user that requires such information may import maps to a GIS software and then, researching by coordinate (SMITH et al., 2007) , find the needed parameters and apply in intense rainfall equations. Also, from rainfall recurrence and duration data, it is possible to calculate and research the value for a specific region.
The use of spatialized parameters, as proposed in this study, is able to provide localized intense rainfall estimates using only the geographic location of the area of interest. This consists in a greater practical applicability than the intense rainfall equation regionalization methodology (MADSEN et al., 2009) . In this methodology, equation parameters are adjusted by statistical procedures for homogeneous areas, and the localized estimate depends on the knowledge of other hydrologic or environmental variables related to the area of interest, such as total annual rainfall or altitude.
We consider that our results have potential to be expanded to other studies all over the country; furthermore, they may integrate updates, corrections, or new versions of softwares that provide intense rainfall equations for the whole country, such as Plúvio 2.1 (PRUSKI et al., 2006) .
CONCLUSIONS
We used, in this study, a new spatialization methodology of maximum intense rainfall equation parameters. It consists of spatializing intense rainfall for different recurrence and duration periods and, later, adjusting intense rainfall equations to these data. The used spatialization interpolators were inverse distance and kriging. As a conclusion of this study on Espírito Santo State, we may cite:
Density of locations with available equations is low and poorly distributed;
From 96 combinations of rainfall recurrence and duration periods to interpolate maximum rainfall intensity, 59 showed significance for cross-validation data, that is, 49 presented spatial dependence by the inverse distance method, and 10 of them, by ordinary kriging;
The comparison among intense rainfall equations existing for the state, and those generated by this study, resulted in a mean percentage error of 13.8%; Parameter maps were generated, which may be easily used to estimate intense rainfall intensity in GIS environment.
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